The present studies examined the mechanism of bicarbonate transport across basolateral membrane vesicles prepared from rabbit renal cortex. Isotopic sodium uptake was stimulated by bicarbonate when compared with gluconate (2.5 nmol/mg protein per 5 s versus 1.4 nmol/mg protein per 5 s), and this process was inhibited by disulfonic stilbenes. Imposition of an interiorpositive potassium diffusion potential further stimulated isotopic sodium uptake to 3.4 nmol/mg protein per 5 s, an effect that occurred only in the presence of bicarbonate and was blocked by disulfonic stilbenes. Kinetic analysis of the rate of bicarbonatedependent sodium uptake as a function of sodium concentration revealed saturable stimulation with a V... of 2.7 nmol/mg protein per 2 s and a Km of 10.4 mM. The effect of bicarbonate concentration on bicarbonate-dependent sodium uptake was more complex. The present results demonstrate an electrogenic (negatively charged) sodium/bicarbonate cotransporter in basolateral membrane vesicles from the rabbit renal cortex. The electrogenicity implies a stoichiometry of at least two bicarbonate ions for each sodium ion.
Introduction
The mammalian proximal convoluted tubule reabsorbs most of the filtered load of bicarbonate by proton secretion into the lumen (1) . This process requires in the steady state that an equal number of base equivalents be transported out of the cell across the basolateral membrane (1) . The mechanisms of bicarbonate exit across the basolateral membrane have not been fully described. Electrophysiological observations of the response to changes in peritubular bicarbonate concentration have dem-strated an electrogenic sodium/bicarbonate cotransport system with electrophysiologic techniques in rat and rabbit proximal tubules (7, 8) . Sodium/bicarbonate cotransport has also been demonstrated in the basolateral membrane by fluorometric measurements of intracellular pH in microperfused rat proximal convoluted tubules in vivo (9, 10) . Recent studies have also identified this system in cultured kidney epithelial cells of monkeys (1 1).
The purposes ofthe present studies were to confirm the presence of a sodium/bicarbonate cotransporter and to characterize this system in basolateral membrane vesicles prepared from the rabbit renal cortex. We herein describe the effect of bicarbonate on sodium transport in basolateral membrane vesicles under clearly defined experimental conditions. Our findings imply that the bicarbonate/sodium stoichiometric ratio of this transport system is greater than unity, which would be consistent with an electrogenic sodium/bicarbonate cotransport system.
Methods
Materials. All chemicals and enzymes were obtained from Sigma Chemical Co., St. Louis, MO, unless noted, and were of the highest purity available. 1 M N-methyl glucamine gluconate (pH 7.5) was made by the titration of 1 M N-methyl glucamine with d-gluconic acid lactone. SITS' (4-acetamido-4'-isothiocyanostilbene-2',2-disulfonic acid) and DIDS (4,4'-diisothiocyanostilbene-2',2-disulfonic acid) were obtained from Pierce Chemical Co., Rockford, IL. 22Na was purchased from New England Nuclear, Boston, MA. Membrane preparation. Basolateral membrane vesicles from rabbit kidney cortex were prepared by differential and sucrose gradient centrifugation, as described by Ives et al. (12) . In brief, both kidneys of female New Zealand white rabbits weighing 1.0-1.5 kg were perfused via the renal artery with 35 ml of ice-chilled buffer (10 mM Hepes/Tris, pH 7.5, 250 mM sucrose, 5.0 mM EGTA). The cortex of each kidney was sliced and homogenized with an Omni mixer (Dupont Instruments, Newton, CT; setting 10; 4 min) in the same buffer. The resultant slurry was centrifuged for 15 min at 2,450 g. Supernatants were recentrifuged at 35 ,000 g for 30 min. The fluffy layer of the pellet was suspended in 250 mM sucrose, 10 mM Hepes/Tris, pH 7.5, 1 mM magnesium chloride buffer, homogenized by passing through a 22-gauge needle and recentrifuged at 50,000 g for 30 min. The resulting fluffy layer was resuspended in 250 mM sucrose, 10 mM Hepes/Tris, pH 7.5, and aliquots were loaded on linear 25-45% (wt/vol) sucrose density gradients containing 10 mM Hepes/Tris, pH 7.5, and centrifuged at 100,000 g for 16 h. Twelve fractions were obtained, and maltase (13) and Na,K-dependent ATPase (14) activities were determined. Peak fractions of Na,K-dependent ATPase activity were pooled and used as the basolateral membrane vesicles. The enrichments of Na,K-dependent ATPase activity and maltase activity of the basolateral membrane vesicle preparation compared with the homogenates were 16 .44±0.06 and 1.51±0.10-fold (mean±SE, n = 6), respectively. The sideness of the vesicles was estimated from the latency 1 . Abbreviations used in this paper: DIDS, 4,4'-diisothiocyanostilbene-2',2-disulfonic acid; SITS, 4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid.
of NaK-dependent ATPase by disruption with 1 mg/mi deoxycholate and equilibration with monensin (15, 16 We interpret these findings as follows: 22Na uptake was stimulated by bicarbonate and inhibited by SITS, consistent with the presence of a SITS-sensitive sodium/bicarbonate cotransporter. An interior-positive diffusion potential stimulated sodium uptake in the presence of bicarbonate, and this effect was inhibited by SITS. These results suggested that the sodium/bicarbonate cotransporter was electrogenic and carried a net negative charge. Alternatively, these results could be interpreted as a sodium-independent bicarbonate conductive pathway that was inhibited by stilbenes. This interpretation is not consistent with the stimulation of sodium uptake when valinomycin was present, or depolarization of the basolateral membrane potential reported in rat and rabbit proximal tubules when the bath sodium concentration was decreased (6) (7) (8) . Another possible explanation of our results is a C02/HCO3-stimulated sodium permeability. Such a transport mechanism could explain the observed stimulation of 22Na uptake by bicarbonate, but not the previously observed effect of sodium gradients on bicarbonate transport (8) (9) (10) . In addition, SITS would not be expected to inhibit a sodium conductance.
In the remaining experiments, bicarbonate-dependent 22Na uptake refers to the difference between the initial rate of 22Na uptake with bicarbonate buffer and the rate with gluconate buffer, in the presence of an inwardly directed potassium gradient and 7 ,M valinomycin. Fig. 1 shows that both bicarbonate-dependent (left) and bicarbonate-independent (right) 22Na uptake were accurately measured for intervals up to 3 s under maximal gradient conditions.
The effect of sodium concentration on bicarbonate-dependent 22Na uptake was examined at a fixed bicarbonate concentration of 21 mM. The bicarbonate-dependent 22Na uptake increased with increasing sodium concentration from 4 to 42 mM (Fig. 5 ). Kinetic analysis with Eadie-Hofstee plots (19) showed a V.,, of 2.7±0.9 nmol/mg protein and a Km of 10.4±2.3 mM for sodium (mean±SE for five separate experiments).
The effect of bicarbonate concentration on bicarbonate-dependent 22Na uptake was examined next at a constant sodium concentration of 8 mM (Fig. 6) . Increasing the bicarbonate concentration from 1 to 42 mM produced a complex pattern of stimulation of bicarbonate-dependent 22Na uptake. An initial increase was observed at low bicarbonate concentrations, and a sigmoidal stimulation of bicarbonate-dependent 22Na uptake occurred above 4 mM bicarbonate. This biphasic relationship suggests that more than one bicarbonate ion is associated with the transport process, consistent with the previously described electrogenicity of this transport system (Fig. 4) . The kinetic characteristics ofthe interaction of bicarbonate with the sodium/ bicarbonate cotransport system were analyzed using the Hill equation ( 19) and are presented in (Fig. 4) , and the substitution of gluconate with cyclamate had no effect on 22Na uptake, it seems likely that the difference between 22Na uptake in the presence of bicarbonate and gluconate is an accurate measure of the rate of sodium/bicarbonate cotransport. (Fig. 1) , performed with maximal gradient conditions, showed a linear relation between 22Na uptake and incubation time up to 3 s, which then fell off at longer time points. This linearity was observed with bicarbonate-dependent 22Na uptake (Fig. 1, left) , as well as with the bicarbonateindependent component (right). Importantly, the linear regressions had a Y-intercept that was not different than zero, indicating that the driving forces were relatively constant when the initial measurements were made. Therefore, we used 2-s uptakes as a measure of initial rate for the kinetic analyses. The pH stability of the uptake media with different bicarbonate concentrations was confirmed by preliminary experiments (Fig. 2) . Increased pH ofthe incubation buffer will establish a pH gradient between the intra-and extravesicular space, although the present studies were intended to have the same pH inside and out. This deviation in the incubation conditions was minimized by using relatively high concentrations of Tris/Hepes buffer and by preparing each individual uptake medium immediately before use.
Presence ofelectrogenic sodium/bicarbonate cotransport. In the first experiment, we have identified an electrogenic cotransporter for bicarbonate and sodium in basolateral membrane vesicles from the rabbit renal cortex with the following findings: 22Na uptake was stimulated by bicarbonate and inhibited by SITS, consistent with sodium/bicarbonate cotransport. An interior-positive potassium diffusion potential stimulated 22Na uptake in the presence of bicarbonate, and this effect was inhibited by SITS. This diffusion potential would decrease Na' entry by simple diffusion (Fig. 3) . That interior-positive diffusion potential stimulated 22Na uptake when bicarbonate was present (Fig. 4) suggests the presence of an electrogenic sodium/bicarbonate cotransporter. (In fact, since the preliminary studies presented in Fig. 4 were done with 5-s uptake measurements, the stimulatory effects of bicarbonate and potassium diffusion potential may have been underestimated.) Studies of the intact proximal tubule (6-10) support this suggestion, rather than the possible presence independent sodium and bicarbonate conductive pathways. Furthermore, studies by Grassl et al. (23) have demonstrated an "overshoot" in bicarbonate-dependent 22Na uptake in basolateral membrane vesicles, consistent with a cotransport process. An overshoot was demonstrated in the previous study (23) , using 1 mM 22Na with an inwardly-directed bicarbonate gradient (55 mM) and pH gradient (1.5 pH U). We have not observed an overshoot in bicarbonate-dependent 22Na uptake when the interior and exterior pH were both 7.5, as in the present experiments.
The sodium/bicarbonate cotransport system was previously proposed from studies of perfused tiger salamander proximal tubules in vitro (5), rat proximal tubules in vivo (8) (9) (10) , and perfused rabbit proximal straight tubules in vitro (6, 7). As described in the Methods section, the basolateral membrane vesicle preparation used in our studies is oriented right-side out, so the translocation of sodium and bicarbonate in the present experiments is in the reverse direction compared with the usual physiological condition. Therefore, we may consider this cotransport system to be reversible. Whether or not the kinetic features are identical in both directions is an important question that must be resolved before the kinetic features obtained with basolateral membrane vesicles can be applied to the in vivo setting. The SITS inhibition of sodium/bicarbonate cotransport is also consistent with the right-side-out orientation ofthe vesicles, because SITS inhibits anion transport only when applied to the outside of red blood cell membranes (20) .
The presence of a chloride/bicarbonate exchanger has also permeability, which suggests that the sodium/bicarbonate cotransporter is the major basolateral membrane bicarbonate transport mechanism (8, 10) .
Effect of sodium concentration on bicarbonate-dependent 22Na uptake. We found that increasing the external concentration of sodium accelerated bicarbonate-dependent sodium uptake, with an apparent Km of 10.4 mM for sodium when the external bicarbonate concentration was fixed at 21 mM (Fig. 5) . Recent studies in the rat proximal tubule cell have revealed that the intracellular sodium activity measured with sodium-selective microelectrodes (27) is 13 mM, and the intracellular sodium concentration determined by microprobe analysis is 19 mmol/ kg wet wt (28). If Km for sodium is similar on both sides of the basolateral membrane, then our finding that Km for sodium is 10.3 mM suggests that the intracellular concentration of sodium may have an important role in regulating bicarbonate exit from the proximal tubular cell and thus in regulating intracellular pH (9, 10) .
Effect ofbicarbonate concentration on bicarbonate-dependent 22Na uptake. The results presented in Fig. 6 show that variations in the bicarbonate concentration between 10 and 20 mM are associated with parallel changes in the rate of bicarbonate-dependent 22Na uptake. These findings suggest that physiologic concentrations of bicarbonate may regulate the rate of sodium/ bicarbonate cotransport across the basolateral membrane, if it can be assumed that the kinetic features of this exit pathway are similar to those described with the present uptake studies in right-side-out basolateral membrane vesicles.
Hill analysis of bicarbonate-dependent 22Na uptake (Fig. 7) showed that one or more bicarbonate ions are involved in this transporter when translocation occurs. Since the Hill analysis requires that there be equivalent substrate binding sites with marked cooperativity, the Hill coefficient may underestimate the actual number of bicarbonate binding sites. Recent studies by Yoshitomi and Fromter (8) have suggested that the stoichiometric ratio is three net negative charges per sodium ion. Soleimani et al. (29) have also reported the bicarbonate/sodium stoichiometric ratio to be 3:1, by thermodynamic analysis of 22Na uptake in rabbit cortical basolateral membrane vesicles. The present results are not necessarily inconsistent with these conclusions, even though the Hill slope of our data (Fig. 7) was not significantly different from unity, because the Hill slope only provides a minimal estimate of the number of bicarbonate ion binding sites.
Another possible explanation for the low Hill slope is a sodium carbonate/bicarbonate cotransport system. Studies by Boron and Russell (30) in the squid axon have been interpreted in terms of a sodium carbonate ion pair/chloride exchange model for transport. Becker and Duhm (31) have described a sodium carbonate/bicarbonate exchanger in red cell membranes. Analogously, the bicarbonate exit step ofbasolateral membranes could represent a sodium carbonate/bicarbonate cotransport system. A sodium carbonate/bicarbonate cotransport model would carry two net negative charges and have two anionic binding sites. In this configuration, there would be transport of three negative charges (CO; + HCO ) for every positive charge (Na+), a ratio consistent with the charge stoichiometric ratio (3:1) observed by Yoshitomi et al. (8) and Soleimani et al. (29) . Furthermore, the Hill slope of 1.21 (Fig. 7) could result from two distinct anionbinding sites. Further studies are required to define the existence and precise kinetic features of the sodium-coupled bicarbonate/ carbonate exit step of the basolateral membrane. At present, we can conclude that the stoichiometric ratio is necessarily greater than unity because the system is electrogenic (Fig. 4) .
Effect ofDIDS on bicarbonate-dependent 22Na uptake. SITS and DIDS are well described inhibitors ofanion transport in red blood cells (20 Although Koschier et al. (35) reported that DIDS competitively inhibited PAH uptake in rabbit renal cortical slices, our experiments suggest that DIDS is predominantly a noncompetitive inhibitor of bicarbonate-dependent 22Na uptake (Table I) . While it might be expected that DIDS would competitively inhibit the interaction between bicarbonate and anion-binding sites, the present studies examined a range of sodium concentrations at a single bicarbonate concentration. It is known that DIDS covalently binds to the band 3 protein (19) . This sort of interaction may account for the decrease in VN, ofbicarbonatedependent sodium uptake observed when basolateral membrane vesicles were pretreated with DIDS. Ifthe isothiocyanate groups of DIDS form covalent bonds with the sodium/bicarbonate cotransporter, then this probe may be a useful tool for further characterization and identification of this transport system in the basolateral membrane.
In summary, an exit mechanism for bicarbonate from the mammalian kidney proximal tubule cell was examined in basolateral membrane vesicles prepared from the rabbit renal cortex. Sodium/bicarbonate cotransport was demonstrated, and this process was found to be electrogenic. This finding is consistent with a bicarbonate/sodium stoichiometric ratio greater than unity. The sodium/bicarbonate/carbonate cotransport system may be regulated by the intracellular concentrations of sodium in the proximal tubular cell. It provides a mechanism by which both sodium and bicarbonate/carbonate can be transported across the basolateral membrane of the proximal tubule cell.
